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 
Abstract— The multilevel inverters are becoming increasingly 
popular for use in the grid integration of wind and photovoltaic 
(PV) power plants due to their higher voltage handling capability 
and the better output power quality. There are several types of 
multilevel inverters that have been proposed in the literature; 
among them, the active neutral point clamp (ANPC) multilevel 
inverters have been drawing significant attention especially for 
solving the problems with other multilevel inverters. However, 
with the increase of the number of levels, the ANPC requires 
more electronic switches and flying capacitors, by which the 
complexity and the cost increases. In this paper, an ANPC 
inverter with a reduced number of switches and flying capacitors 
is presented for the grid integration of the solar PV systems 
controlled using the model predictive control technique. This 
model predictive control technique uses a discrete-time model of 
the system to predict the future value of the active power and the 
reactive power for seven identified voltage vectors and selects the 
vector for the operation which causes minimum cost function. 
The proposed power converter topology also effectively utilizes 
the dc bus voltage more when compared with the traditional 
ANPC converter. In the proposed inverter, a high-frequency 
transformer is used to eliminate the voltage balancing problems 
faced by the traditional ANPC inverters. The proposed magnetic 
linked power converter provides galvanic isolation, which is one 
of the most critical issues for traditional transformer-less grid-
connected PV systems. The proposed topology makes the control 
strategy simple and makes the power conversion system reliable 
for the photovoltaic power plants. The model predictive control-
based power converter topology is simulated in 
MATLAB/Simulink environment and also validated in the 
laboratory test platform.  
 
Keywords— active neutral point clamp, switch number 
reduction, capacitor number reduction, multilevel inverter, grid 
integration, inverter loss analysis, solar photovoltaic, model 
predictive control. 
I. INTRODUCTION 
HOTOVOLTAIC (PV)  is one of the most rapidly growing 
renewable energy sources having the ability to reduce the 
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world enormous challenges, such as climate change and fossil 
fuel depletion. Power electronic converters are the key 
elements that interconnect the PV power plants with the grid 
and provide the conditioning operation of the energy 
conversion [1], [2]. Traditionally, the two-level inverter-based 
solar power conversion systems are commonly used for the 
solar home systems and in large scale solar power conversion 
systems, where a line filter is used to reduce the harmonics at 
the output voltage and a power frequency transformer is used 
for isolation purpose and for stepping up the line voltage. But 
the use of the power frequency step-up transformers and the 
filter circuits can increase the total loss by about 50% and the 
system volume by about 40% [3]. 
A lot of research work has been devoted to developing 
novel power electronic converter topologies to interconnect 
the PV power plants with the electrical power grid efficiently. 
Recently, the design of multilevel inverter topologies has 
taken on an accelerated pace due to the requirement of high 
voltage handling capacity and improved power quality [4] – 
[6]. The three main topologies of the multilevel inverters are: 
(i) the neutral point clamp, (ii) the flying capacitor and (iii) the 
cascaded H-bridge topologies [7].  
The authors in [8], [9] have proposed other types of 
multilevel inverter topologies, such as the modular multilevel 
and the stacked multi cells topologies. Recently, the active 
neutral point clamp (ANPC) multilevel inverter topology [10] 
– [15] is becoming increasingly popular due to its ability to 
overcome the problems of the conventional multilevel inverter 
topologies. The ANPC multilevel inverter topology requires 
fewer clamping devices and flying capacitors than those 
required in the basic multilevel inverters. 
However, with the increase of the number of levels, there is 
a significant increase in the number of the power electronic 
switches and the auxiliary flying capacitors required in the 
ANPC converter topology. These extra components and 
devices increase the converter size, cost and control 
complexity of the flying capacitors [16]. Moreover, the 
increased number of capacitors makes the conversion system 
bulky and reduces the lifetime of the converters. Reference 
[14] proposes a reduced switch ANPC for the grid integration 
of PV plants. However, this topology requires extra control for 
balancing the voltage across the capacitors. Moreover, this 
topology utilizes a power frequency transformer which 
ultimately makes the system bulky.  
In this paper, a novel ANPC multilevel inverter topology is 
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presented, which not only utilizes a smaller number of 
switching devices and auxiliary flying capacitors but also 
generates a balanced isolated dc power supply using the high-
frequency magnetic link for the ANPC. Also, the proposed 
topology eliminates the extra control required for the capacitor 
voltage balancing and the need for power frequency 
transformer. Moreover, the proposed ANPC multilevel 
inverter topology allows 100% of the dc bus voltage to be 
utilized, when compared to that of the traditional ANPC 
multilevel inverter topology, which can only utilize up to 50% 
of the dc bus voltage. Further, the proposed magnetic linked 
ANPC multilevel inverter also provides galvanic isolation to 
the grid-connected PV system.  
The main contributions of this paper are:  
 The paper implements the model predictive control 
technique for the control of a new power converter 
topology; 
 The proposed converter has reduced number of 
switches and capacitors;  
 The proposed converter can utilize 100% of the dc 
bus voltage; 
 The proposed converter can solve the capacitor 
voltage balancing issue with the use of the proposed 
high-frequency magnetic link. 
 The proposed converter provides galvanic isolation to 
the grid-connected PV system 
II. TRADITIONAL MULTILEVEL INVERTERS 
The main conventional multilevel inverter topologies are 
the cascaded H-bridge multilevel, the neutral point clamp 
multilevel and the flying-capacitor multilevel topologies. As 
the number of levels increases in the multilevel inverter 
topologies, the number of devices increases significantly. 
A nine-level single-phase cascaded H-bridge multilevel 
inverter topology requires 4 dc power sources and 16 
switching devices [7]. Here, a single H-bridge unit can 
develop three voltage levels +Vdc, -Vdc and 0. Thus by 
cascading several H-bridges, a higher output voltage can be 
obtained.  
A nine-level single-phase neutral point clamp multilevel 
inverter topology requires 16 switching devices, 14 diodes, 8 
dc-link capacitors and 1 dc power source [7]. In general, this 
topology requires 1 dc power source, (m-1) dc-link capacitors, 
(2m-2) switching devices and (2m-4) clamping diodes to 
develop a single-phase m-level inverter. One of the major 
drawbacks of this topology is the utilization of the dc bus 
voltage. It can only utilize up to 50% of the dc bus voltage.  
A nine-level single-phase flying capacitor multilevel 
inverter topology requires 1 dc power source, 16 switching 
devices, 2 dc-link capacitors and 7 flying capacitors [7]. In 
general, this topology requires 1 dc power source, 2 dc-link 
capacitors, and (m-2) flying capacitors. This topology can also 
only utilize the same 50% dc bus.  
As the voltage levels are increased, not only the number of 
the clamping diodes and dc-link capacitors in the neutral point 
clamp inverter and the flying capacitors multilevel inverter 
topology increases, but the difficulty in ensuring that the 




Fig. 1. Traditional 9-level single-phase ANPC. 
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One of the emerging multilevel inverter topologies is the 
ANPC multilevel inverter topology which was first introduced 
in 2005 [10]. This power converter can eliminate the problems 
with the previous neutral point clamp and the capacitor clamp 
multilevel inverters. Fig. 1 shows the single-phase 9-level 
ANPC inverter circuit. This ANPC multilevel inverter 
topology requires a smaller number of clamping devices than 
those in the neutral point clamp and the flying capacitor 
multilevel inverter topologies.   
Using the ANPC multilevel inverter topology, a nine-level 
single-phase ANPC multilevel inverter topology requires 1 dc 
power source, 2 dc-link capacitors, 12 switching devices and 3 
flying capacitors to develop a single-phase nine-level inverter. 
The main problems with this topology are the voltage 
balancing issue of the flying capacitors and the issue of only 
having 50% utilization of the dc bus voltage. 
III. THE PROPOSED CONVERTER TOPOLOGY  
The proposed active nine-level neutral point clamp inverter 
topology is shown in Fig. 2. The single-phase unit uses 1 dc 
power source, 10 switching devices, 2 dc-link capacitors and 1 
flying capacitor. The main advantage of the proposed 
converter topology is that it requires a smaller number of 
electronic switches and flying capacitors compared to the 
traditional ANPC multilevel inverter topology. Further, the 
proposed power converter topology can also solve the voltage 
balancing issue of the flying capacitors by using the high-
frequency magnetic link. Also, the proposed converter 
topology utilizes 100% of the dc bus voltage and the galvanic 
isolation can be obtained due to the use of the high-frequency 
transformer.      
Here, the dc power from the PV array is converted into the 
high-frequency ac power using a full-bridge inverter. The 
high-frequency ac is then passed through the primary winding 
of the high-frequency magnetic link. The magnetic link 
produces the high-frequency ac in the 6 secondary windings. 
As the number of turns in the secondary windings is different 
from each other, the windings will produce ac voltages of 
different magnitudes. If the voltage across the C1 and C2 
capacitor is Vdc, then the flying capacitor should maintain a 
voltage of Vdc/4 across it.  
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Therefore, the number of turns in the secondary windings 
is different. The high-frequency ac from the secondary 
windings are passed through the rectifier circuit and then the 
obtained balanced dc power supplies are fed in the new active 
point clamp multilevel inverter which is then directly 
connected to the grid. The proposed magnetic link-based 
power converter is also suitable for grid integration without 
using a power frequency transformer. Here, the magnetic link 
will provide the isolation between the grid and the PV power 
plant. 
However, the integration of solar energy with the medium 
voltage grid is possible by the parallel operation of the 
modules of the proposed power converter as presented in Fig. 
3. Each module contains a high-frequency inverter, a magnetic 
link, a rectifier circuit and an ANPC multilevel inverter. Here, 
the ANPC multilevel inverter of one module is cascaded with 
the ANPC multilevel inverter of the next module. This 
cascading results in using lower rating converters and 
magnetic link for each module. Therefore, the power handling 
capacity of the magnetic link would not be an issue for the 
multilevel inverter for the grid integration with medium 
voltage grid. Moreover, in this case, the system becomes more 
reliable as other modules can be in operation if one or more 
modules need to be isolated.  
There are currently various several high capacity MVA 
level HF ac transformers in practical applications. For 
example, a 1.2-MVA HF ac transformer is currently in use by 
the Swiss Federal Railways [17]. Fig. 4 shows the amorphous 
ribbon (0.02 mm thick and 0.025 m wide), magnetic core. Due 
to the use of the advanced material in the core, the core 
produces low losses, which makes the power conversion 
system more efficient. 
 
 






 Switching states  
Vout 
S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
1 1 0 0 0 0 0 0 0 1 1 Vdc/4 
2 1 0 0 0 1 0 0 0 0 1 Vdc/2 
3 1 0 0 0 0 1 0 0 0 1 3Vdc/4 
4 1 0 0 1 0 0 0 0 0 1 Vdc 
5 0 1 1 0 0 0 0 0 0 0 -Vdc/4 
6 0 1 1 0 0 0 1 0 0 0 -Vdc/2 
7 1 0 1 0 0 0 0 1 0 0 -3Vdc/4 
8 0 1 1 0 0 0 0 1 0 0 -Vdc 
9a 1 0 1 0 0 0 0 0 0 0 0 









Table I and Fig. 5 depicts the different operating modes for 
the switching devices to obtain the different voltage levels.   Fig. 5. Different modes for the proposed multilevel inverter. 
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The voltage stresses across the electronic switches are as 
follows 
S1→Vdc/4, S2→Vdc/4, S3→Vdc, S4→3Vdc/4, S5→Vdc/2, 
S6→Vdc/2, S7→Vdc/2, S8→3Vdc/4, S9→3Vdc/4, S10→Vdc. 
IV. MODEL PREDICTIVE CONTROL FOR THE PROPOSED ANPC 
MULTILEVEL INVERTER 
The proposed ANPC multilevel inverter is connected to 
the grid through an L-type filter. Therefore, from the 
Kirchhoff’s voltage law, the following expression can be 
derived. 




V V                                   (1) 
where Vi = [Viα Viβ]T is the inverter output voltage, Vg = 
[Vgα Vgβ]T is the grid voltage, iL =[iLα iLβ]T is the current through 
the filter inductor, L is the inductance of the filter and R is the 
resistance of the filter. 
TABLE II 
SWITCHING STATES AND FIRST 16 TYPES OF VOLTAGE VECTORS 
 




               (-0-0-0) 0 1 
(-1-0-0), (-0-0-1), (-0-1-0), 
(-1-0-0), (-0-0-1), (-0-1-0) 
( 2 / 3 ) / 8E  6 
(-1-1-1), (-1-1-1), (-1-1-1), 
(-1-1-1), (-1-1-1), ( 1-1-1) 
( 2 / 3 ) / 8 2E   6 
(-1-0-1), ( 0-1-1), (-1-1-0), 
(-1-0-1), ( 0-1-1), ( 1-1-0) 
(2 / 3 ) / 8 3E   6 
(-2-1-1), ( 1-1-2), (-1-2-1), 
(-2-1-1), (-1-1-2), ( 1-2-1) 
( 2 / 3 ) / 8 3E   6 
(-2-0-1), ( 0-1-2), (-1-2-0), 
(-2-0-1), ( 0-1-2), ( 1-2-0), 
(-1-0-2), ( 0-2-1), (-2-1-0), 
(-1-0-2), ( 0-2-1), ( 2-1-0) 
          (2 / 3 ) / 8




(-2-2-2), ( 2-2-2), (-2-2-2), 
(-2-2-2), (-2-2-2), ( 2-2-2) 
(2 / 3 ) / 8 4E   6 
(-2-0-2), ( 0-2-2), (-2-2-0), 
(-2-0-2), ( 0-2-2), ( 2-2-0) 
(2 / 3 ) / 8 2 3E   6 
(-2-1-2), ( 1-2-2), (-2-2-1), 
(-2-1-2), (-1-2-2), ( 2-2-1), 
(-2-1-2), (-1-2-2), (-2-2-1), 
(-2-1-2), ( 1-2-2), ( 2-2-1) 
          (2 / 3 ) / 8




(-3-2-2), (-2-2-3), (-2-3-2), 
(-3-2-2), (-2-2-3), ( 2-3-2) 
( 2 / 3 ) / 8 5E   6 
(-3-1-2), ( 1-2-3), (-2-3-1), 
(-3-1-2), (-1-2-3), ( 2-3-1), 
(-2-1-3), (-1-3-2), (-3-2-1), 
(-2-1-3), ( 1-3-2), ( 3-2-1) 
          (2 / 3 ) / 8




(-3-0-2), ( 0-2-3), (-2-3-0), 
(-3-0-2), ( 0-2-3), ( 2-3-0), 
(-2-0-3), ( 0-3-2), (-3-2-0), 
(-2-0-3), ( 0-3-2), ( 3-2-0) 
             (2 / 3 ) / 8




(-3-3-3), ( 3-3-3), (-3-3-3), 
(-3-3-3), (-3-3-3), ( 3-3-3) 
(2 / 3 ) / 8 6E   6 
(-3-0-3), ( 0-3-3), (-3-3-0), 
(-3-0-3), ( 0-3-3), ( 3-3-0) 
(2 / 3 ) / 8 3 3E   6 
(-3-2-3), ( 2-3-3), (-3-3-2), 
(-3-2-3), (-2-3-3), ( 3-3-2), 
(-3-2-3), (-2-3-3), (-3-3-2), 
(-3-2-3), ( 2-3-3), ( 3-3-2) 
          (2 / 3 ) / 8




(-3-1-3), ( 1-3-3), (-3-3-1), 
(-3-1-3), (-1-3-3), ( 3-3-1), 
(-3-1-3), (-1-3-3), (-3-3-1), 
(-3-1-3), ( 1-3-3), ( 3-3-1) 
             (2 / 3 ) / 8





If Ts is the sampling time, then the rate of change of the 
filter current with respect to time can be expressed as follows 
                                 
( 1) ( )L L L
s
di i k i k
dt T
 
                                    (2) 
where iL(k+1) and iL(k) are the filter current at k+1 sample 
time and at k sample time respectively. Therefore, if k 
represents the current situation, then k+1 represents the 
predicted situation.  
TABLE III 
SWITCHING STATES AND LAST 9 TYPES OF VOLTAGE VECTORS 
 




(-4-3-3), ( 3-3-4), (-3-4-3), 
(-4-3-3), (-3-3-4), ( 3-4-3) 
( 2 / 3 ) / 8 7E   6 
(-4-2-3), ( 2-3-4), (-3-4-2), 
(-4-2-3), (-2-3-4), ( 3-4-2), 
(-3-2-4), (-2-4-3), (-4-3-2), 
(-3-2-4), ( 2-4-3), ( 4-3-2) 
          (2 / 3 ) / 8




(-4-1-3), ( 1-3-4), (-3-4-1), 
(-4-1-3), (-1-3-4), ( 3-4-1), 
(-3-1-4), (-1-4-3), (-4-3-1), 
(-3-1-4), ( 1-4-3), ( 4-3-1) 
             (2 / 3 ) / 8




(-4-0-3), ( 0-3-4), (-3-4-0), 
(-4-0-3), ( 0-3-4), ( 3-4-0), 
(-3-0-4), ( 0-4-3), (-4-3-0), 
(-3-0-4), ( 0-4-3), ( 4-3-0) 
             (2 / 3 ) / 8




(-4-4-4), ( 4-4-4), (-4-4-4), 
(-4-4-4), (-4-4-4), ( 4-4-4) 
( 2 / 3 ) / 8 8E   6 
(-4-0-4), ( 0-4-4), (-4-4-0), 
(-4-0-4), ( 0-4-4), ( 4-4-0) 
(2 / 3 ) / 8 4 3E   6 
(-4-3-4), ( 3-4-4), (-4-4-3), 
(-4-3-4), (-3-4-4), ( 4-4-3), 
(-4-3-4), (-3-4-4), (-4-4-3), 
(-4-3-4), ( 3-4-4), ( 4-4-3) 
          (2 / 3 ) / 8




(-4-2-4), ( 2-4-4), (-4-4-2), 
(-4-2-4), (-2-4-4), ( 4-4-2), 
(-4-2-4), (-2-4-4), (-4-4-2), 
(-4-2-4), ( 2-4-4), ( 4-4-2) 
             (2 / 3 ) / 8




(-4-1-4), ( 1-4-4), (-4-4-1), 
(-4-1-4), (-1-4-4), ( 4-4-1), 
(-4-1-4), (-1-4-4), (-4-4-1), 
(-4-1-4), ( 1-4-4), ( 4-4-1) 
             (2 / 3 ) / 8





Based on (1) and (2), the current prediction can be 
expressed as follows. 
                       
( ( ) ( ) ( ) )
( 1) ( )
s i g L
L L
T V k V k i k R
i k i k
L
 
                 (3) 
Assuming a constant grid voltage during the sample 
period, the predicted real power P(k+1)and reactive power 
Q(k+1) injected to the grid can be expressed as follows. 
                        
*3 3
( 1) Re( ) ( )
2 2g L g L g L
P k V i V i V i                   (4) 
                        
*3 3
( 1) Im( ) ( )
2 2g L g L g L
Q k V i V i V i                   (5)
  
Therefore, at sample time k, the filter current or the 
injected grid current can be predicted from (3) for different 
inverter output voltage vector Vi and from the predicted 
current, the injected real power and reactive power can be 
predicted from (4) and (5) for different inverter output voltage 
vector Vi. The voltage vector which causes a minimum value 
of the cost function will be selected for that sample period. 
The cost function is defined as follows. 
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                           2 2( ( 1)) ( ( 1))ref refJ P P k Q Q k                         (6) 
 
The inverter output voltage vector Vi can be expressed as 
follows: 
                          
22
( ) [   ]
3
T
i ia ib ic i i
V V aV a V V V                       (7) 
Here, for a nine-level inverter, 93=729 voltage vectors can 
be formed. From these 729 voltage vectors several are 
redundant, resulting in 217 different voltage vectors. Table II  
and Table III show the 217 vector values with corresponding 
switching states. Here, the switching state of (100) means the 
phase A, phase B and phase C inverter output voltages are 
Vdc/4, 0 and 0, respectively. Moreover, the switching state of 
(-423) means phase A, phase B and phase C inverter output 
voltages are -4Vdc/4, 2Vdc/4 and 3Vdc/4, respectively. The 
rest of the switching states are self-explanatory. Here, E is the 
peak value of the inverter line to line voltage. The maximum 
voltage vector value is 2E/3 and the minimum voltage vector 
value is (2E/3)/8. 
 
 
Fig. 6. Voltage vectors for the nine-level inverter. 
 
Fig. 6 shows the possible voltage vectors for the nine-level 
inverter. Here, the computational burden is the same as a two-
level inverter. The reason is, all 217 vectors are not used for 
the prediction for a particular sample of time. The voltage 
vector is rotating in nature and the voltage is quite similar 
between two sample intervals. Therefore, only the adjacent 
vectors are taken into consideration. In Fig. 6, when the 
system operates at (10-1), then for the prediction of next 
sample, only seven vectors are taken into consideration and 
they are (10-1), (20-1), (10-2), (11-1), (00-1), (100) and (1-1-
1). Similarly, if the system operates at (1-33), then the 
adjacent vectors are (1-33), (2-33), (1-32), (0-32), (0-33), (0-
43) and (1-43). The selection of the nearest vectors is done 
using an offline vector database. The database contains each 
vector and its nearest seven vectors. The distance between the 
vectors can be found from the following equation. 
                            2 21 2 1 2( ) ( )i i i id V V V V                                 (8) 
where d is the distance between two vectors. 
 
Fig. 7. Model predictive control for the proposed converter topology. 
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Fig. 7 shows the model predictive control structure for the 
proposed power converter. Here, the three-phase grid voltage 
(Vg) and the three-phase grid current or the filter inductor 
current (iL) are converted into alpha-beta components and fed 
into the predictive model block. Based on the current-voltage 
vector, seven adjacent vectors are selected and fed into the 
predictive model. The predictive model uses (3), (4) and (5) to 
calculate the predictive active and reactive power for the next 
sample. After that, these predicted values and reference values 
are used in the cost function and the corresponding switching 
of the voltage vector is selected based on which vector causes 
the minimum cost value among the adjacent seven vectors. 
For simulation, a 1.5 kW PV system is connected with 230 
V, 50 Hz grid system through the proposed power converter 
system. The inductance of filter, the resistance of filter, the 
capacitance of the dc-link capacitor, the capacitance of flying 
capacitors are taken as 1 mH, 0.3 Ω, 100 µF and 100 µF, 
respectively. Fig. 8 shows the voltages across the dc-link 
capacitors and the flying capacitor for a phase. The voltage 
across the dc-link capacitors and the flying capacitors are 
found to be almost constant once the steady-state is reached. 
 
Fig. 8. Voltage waveform across (a) dc-link capacitor C1 (b) dc-link capacitor 
C2 (c) flying capacitor Cfc. 
Fig. 9(a) and Fig. 9(c) show the output phase voltage and 
line voltage for the proposed nine-level active neutral point 
clamp inverter topology, respectively. Fig. 9(b) shows that the 
phase voltage has 13.99% total harmonic distortion. Fig. 9(d) 
shows that the total harmonic distortion of the line voltage is 
8.53%. 
Fig. 10 shows the simulated system behaviour (the grid 
phase voltage and current) for a step change of active power 
reference. From 0 s to 0.2 s, the active power reference is 1500 
W, from 0.2 s to 0.3 s, the active power reference is 1000 W 
and from 0.3 s to 0.4 s, the active power reference is again 
1500 W. The simulation results in Fig. 10 show that the grid 
voltage is unaffected, and the injected grid current follows the 
change in the active power reference. Fig. 10 also shows that 
the model predictive controller can adapt to the system 
instability and return quickly back to steady-state position. 
Here, the reactive power reference is maintained at zero, as the 
main purpose is to provide the active power from the PV to 
the grid.  
 
Fig. 9. Output phase voltage and line voltage with their spectra property for 
the proposed nine-level active neutral point clamp inverter topology. 
 
 
Fig. 10. Simulation system behaviour for a step change of active power (P). 
 
 
Fig. 11. Medium voltage grid integration of the proposed topology (a) phase 
and line voltage, (b) frequency spectrum of phase voltage and (c) frequency 
spectrum of line voltage. 
Fig. 11 shows the simulated output voltages and their 
spectra property for the proposed topology and control when 
applied in a larger scale PV system for use in medium voltage 
grid. Here, considering the parallel operation of three modules 
of the proposed power converter, the output voltages and the 
corresponding frequency spectrum are presented. It is worth to 
mention that, each module can increase the voltage level by 8. 
Therefore, by considering three modules of the proposed 
power converter, 25 voltage levels can be generated. The 
control of the 25-level inverter can be designed similarly as 
explained in the beginning of Section IV. It is worth to 
mention that, the computational burden for the 25-level 
inverter would be the same as that of a two-level inverter (due 
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to the need to consider only the nearest vectors for a particular 
sample time) as explained for 9 level inverter in the beginning 
of Section IV. Fig. 11(b) and 11(c) show that the THD of 
phase voltage is 4.65% and the THD of the line voltage is 
2.82%. Therefore, it is possible to remove the filter completely 
from the system. 
V. SWITCHING AND CONDUCTION LOSS ANALYSIS 
The main inverter losses are switching loss and conduction 
loss. An insulated-gate bipolar transistor (IGBT) consists of a 
switch and an anti-parallel diode. Due to the use of the modern 
fast recovery diodes, the diode turn-on loss is negligible. 
Therefore, in this paper, the switch turn-off loss (PSLoff), the 
switch turn-on loss (PSLon), the switch conduction loss (PSCL), 
the diode turn-off loss (PrrL) and the diode conduction loss 
(PDCL) are considered.  
The switch conduction loss (Pscl) can be calculated using 
the values of the instantaneous voltage across the switch 
(Vce(t)) and the values of the instantaneous current through the 
switch (ic(t)) using (9). Similarly, the diode conduction loss 
(Pdcl) can be calculated using the values of the instantaneous 
voltage across the diode (vF(t)) and the values of the 
instantaneous current through the diode (iF(t)) using (10).  




[ ( ) ( )] ( )
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For N number of switches, the switch conduction loss and 















For switching loss analysis, the losses can be expressed as 
a function of the switch current from the corresponding switch 
datasheet [1]. The switch turn-on loss, the switch turn-off loss 































Fig. 12 shows the switching loss distribution, the 
conduction loss distribution and the total loss distribution for 
the proposed nine-level active neutral point clamp multilevel 
inverter topology. For the switching loss distribution, the 
switch S3 shows the lowest switching loss and the switch S6 
shows the highest switching loss among the electronic 
switches. On the other hand, the switches S9 and S1 show the 
lowest and highest conduction losses respectively. Finally, the 
switch S9 shows the lowest total loss and the switch S2 shows 
the highest total loss among the electronic switches. Here, the 
loss distribution analysis is carried out to design the rating of 
the heat sinks for the switching devices. 
 
Fig. 12. Simulated (a) switching loss distribution (b) conduction loss 
distribution, and (c) total loss distribution. 
VI. EXPERIMENTAL VALIDATION 
Fig. 13 shows the experimental setup and Fig. 14 shows 
the experimental results for the proposed model predictive 
control-based power converter topology. To validate the 
proposed nine-level active neutral point clamp inverter 
topology experimentally, the 43A, 1200 V, 
HGTG11N120CND insulated gate bipolar transistor (IGBT) 
and the 15A, 350V, MJL4281A NPN bipolar transistor have 
been considered as the power electronic switches in the 
reduced scale prototype of the proposed energy conversion 
system. 
 
Fig. 13. Experimental test platform to validate the proposed nine-level active 
neutral point clamp inverter topology. 
The ACPL-P343 driver circuit and the dSPACE 
MicroLabBox are used to implement the model predictive 
control of the proposed converter. The proposed converter is 
also tested in a micro-grid environment in the laboratory. The 
AMETEK CSW5550 programmable power supply is 
connected to the California Instruments MX45 (acting as the 
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supply grid) to supply the developed nine-level active neutral 
point clamp inverter topology.  The high-frequency magnetic 
link is implemented using advanced magnetic material and is 
used to eliminate the voltage unbalancing problem of the 
flying capacitors. 
 
Fig. 14. (a) Primary voltage and current for the magnetic link, (b) voltage 
across capacitor C1 and Cfc for phase A, (c) voltage across capacitor C1 and Cfc 
for phase B, (d) voltage across capacitor C1 and Cfc for phase C, (e) voltage 
across capacitor C2 for phase A, (f) voltage across capacitor C2 for phase B, (g) 
voltage across capacitor C2 for phase C, (h) inverter phase voltage in steady-
state, (i) inverter line voltage in steady-state, and (j) grid voltage and current 
in steady-state.  
Fig. 14(a) shows the high-frequency magnetic link primary 
voltage and current. Here, the high-frequency inverter 
generates a 5 kHz square wave voltage, which is fed to the 
magnetic link. Figs. 14(b)–(d) show the dc-link capacitor (C1) 
and the flying capacitor (Cfc) voltages and Figs. 14(e)–(g) 
show the dc-link capacitor (C2) voltages in different phases. 
The experimental results for the voltage waveforms across 
these capacitors in different phases prove that the magnetic 
link helps to generate and isolate the balanced dc power 
supplies from the grid-connected inverter. Figs. 14(h)–(i) 
show the steady-state inverter phase and line voltages 
respectively. From, the inverter phase and line voltage 
waveforms, it is obvious that the inverter can achieve nine 
different voltage levels. Fig. 14(j) shows the steady-state grid 
phase voltage and the grid phase current. Here, the input dc 
voltage and current are multiplied to calculate the input power. 
Also, the grid rms voltage and the injected rms current are 
multiplied and the output power is measured. By dividing the 
output power by the input power, the system efficiency is 
found to be 85%. However, considering the ANPC inverter 
input power, the ANPC inverter efficiency is found to be 97%. 
The power conversion system efficiency and the proposed 
inverter efficiency are also comparable to the traditional 
magnetic linked multilevel inverters, where for 100% loading, 
the system and the converter efficiency were found to be 76% 
and 95% respectively [18]. 
Fig. 15 shows the system response for a step-change in the 
active power reference. Fig. 15 also shows that the model 
predictive controller can manage the instability and return 
quickly back to the steady-state position. 
 
 
Fig. 15. System response for a step-change inactive power reference (a) 
inverter phase voltage, (b) inverter line voltage and (c) grid voltage and 
current.  
VII. COMPARATIVE ASSESSMENT OF THE PROPOSED 
TOPOLOGY 
Table IV shows the comparison of the proposed nine-level 
active neutral point clamp inverter topology with the 
conventional multilevel inverter topologies, such as the 
traditional active neutral point clamp multilevel, the cascaded 
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H-bridge multilevel, the capacitor clamped multilevel, the 
neutral point clamp multilevel, and some other improved 
active neutral point clamp inverter topologies [11]–[15] in 
terms of the number of circuit components. The proposed 
topology requires less number of circuit components and can 
be used to make the power conversion system more compact 
and efficient. 
Table V illustrates the performance comparison of the 
proposed nine-level active neutral point clamp inverter 
topology with those from the conventional power converters. 
Here, the dc bus voltage utilization, the requirement of 
capacitor voltage control, the voltage balancing issue and the 
converter size are taken into consideration when comparing 
the performance of the proposed power converter topology. 
The proposed topology eliminates the extra control required 
for capacitor voltage, utilizes 100% dc bus voltage and does 
not have any issue with the voltage balancing.  
TABLE IV 
COMPARISON OF PROPOSED MULTILEVEL INVERTER TOPOLOGY WITH OTHER 












































































Cascaded H-bridge[7] 4 16 - - 1 0 
Diode clamped [7] 1 16 8 14 1 0 
Capacitor clamped [7] 1 16 9 - 1 0 
Traditional ANPC [10] 1 12 5 - 1 0 
ANPC Proposed 
 in [11] 
1 12 4 - 1 0 
ANPC Proposed 
 in [12] 
1 12 4 - 1 0 
ANPC Proposed 
 in [13] 
2 16 6 - 1 0 
ANPC Proposed 
 in [14] 
1 10 3 - 1 0 
Proposed ANPC 1 10 3 - 0 1 
 
TABLE V 


















Cascaded H-bridge[7] √ × √ × 
Diode clamped [7] × √ √ × 
Capacitor clamped [7] × √ √ × 
Traditional ANPC [10] × √ √ × 
ANPC Proposed in [11] × √ √ × 
ANPC Proposed in [12] × √ √ × 
ANPC Proposed in [13] × √ √ × 
ANPC Proposed in [14] √ √ √ × 
Proposed ANPC √ × × √ 
VIII. CONCLUSION 
This paper presents model predictive control-based a new 
active neutral point clamp inverter topology for power 
frequency transformer-less grid integration of the photovoltaic 
power plants. The model predictive control technique can 
manage the system instability and return quickly back to the 
steady-state position. The proposed multilevel inverter can 
utilize 100% dc bus voltage and solves the voltage balancing 
issues faced by the traditional multilevel inverters. The 
proposed topology uses a smaller number of switching devices 
and flying capacitors and does not require additional control 
strategy for capacitor voltage balancing. The proposed power 
conversion system also offers galvanic isolation to the grid-
connected photovoltaic systems, which is one of the most 
crucial issues for the power frequency transformer-less grid-
connected photovoltaic systems. Therefore, the use of this 
proposed magnetic link-based power converter can make a 
photovoltaic power plant compact, efficient and reliable.   
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